Quantification of Positron Emission Tomography (PET) data is performed using pharmacokinetic models. There exist many models for describing this data, each of which may describe the data better or worse depending on the specific application, and there are both theoretical, practical and empirical reasons to select any one model over another. As such, effective PET modelling requires a high degree of flexibility, while effective communication of all steps taken through scientific publications is not always feasible. Reproducible research practices address these concerns, in that researchers share analysis code, and data if possible, such that all steps are recorded, allowing an independent researcher to reproduce the results and assess their veracity. In this article, I present kinfitr : a software package for performing kinetic modelling using the open-source R language, in a reproducible manner. The R community has a strong culture of reproducible research, and the language consists of numerous tools which allow both effective and easy sharing and communication of analysis code. The package is written in such a way as to allow the analyst the freedom to use and rapidly exchange between approaches, and to assess goodness of fit, with 14 different kinetic models currently implemented using a consistent syntax, as well as tools for working with the data. By providing open-source tools for kinetic modelling, including documentation and examples, it is hoped that this will extend access to methodology for research groups lacking software engineering expertise, as well as simplify and thereby encourage transparent and reproducible reporting. 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 36
INTRODUCTION 27
Positron emission tomography (PET) is an in vivo neuroimaging method with high biochemical sensitivity 28 and specificity: it is an essential tool for the study of the neurochemical pathophysiology of mental 29 and neurological disease as well as for evaluating pharmacological treatments. This method allows for 30 accurate quantification of picomolar concentrations, thereby allowing insights which are not possible 31 using any other in vivo imaging modality. PET is, however, prohibitively expensive, often costing in 32 excess of USD 10 000 per measurement, and additionally involves exposure of participants to harmful 33 radioactivity. For this reason, accurate quantification is imperative in order to maximise the scientific 34 value of each measurement, as well as to minimise the number of participants who must be exposed to 35 radiation in order to answer the scientific question at hand.
Figure 1.
Compartmental models are the basis of PET kinetic modelling. For both panels, C represents the radioactivity concentrations within each compartment. The red cylinder on the left of each panel represents the arterial blood, containing plasma (P). Within the plasma, the radiotracer is either free (FP), or bound to plasma proteins (PP). The black boxes represent the compartments. TCM refers to Tissue Compartment Model. A. The three tissue compartment model is the basis for the two-and one-tissue compartment models: transfer between certain compartments are assumed to be sufficiently rapid that they can be considered as single compartments for the two-and one-tissue compartment models (coloured boxes). The compartments include FT free tracer, NS non-specifically bound, S specifically bound, T total, and ND non-displaceable. B. Reference region models consider the total concentration of radiotracer in the target T and in the reference region R, and assume that the non-displaceable concentration is equal in both regions, and that the specific binding in the reference region is equal to 0. estimated quantity of interest.
47
There exist numerous different kinetic models for performing this quantification, which differ in a 48 variety of important ways. Firstly, they differ in their specificity for the target binding, e.g. quantifying 49 only the specific binding itself, as compared to quantifying the total binding, including non-specific only the estimate of the binding, compared to estimating all of the rate constants underlying that estimate.
52
Thirdly, they differ in their relative degree of bias and variance, and hence their sensitivity to noise, i.e. how 53 much they over-or under-fit the data). Fourthly, they differ in their assumptions about the behaviour of 54 the radiotracer in the tissue, e.g. irreversible vs reversible binding, or the compartmental structure of the 55 binding ( Figure 1 ). These assumptions are usually only partially met in any given application, and care 56 must be taken to ensure that the degree to which assumptions are not met does not bias the estimates 57 in important ways (Salinas, Searle, and Gunn 2014). These differences are further complicated by the 58 fact that the performance of different models may vary based on the properties of each specific tracer: a 59 certain model may be more effective for certain cases than others, all else being equal.
60
For the modeller, there is no silver bullet. Rather, the model used to estimate the quantity of interest 61 should be selected based on the radiotracer, as well as the research question and properties of the data 62 set itself. This is further complicated by the myriad other analytical decisions which must be made prior 63 to modelling, such as statistical weighting schemes, the application of partial volume effect correction, 64 or the use of numerous ways that the blood data can be modelled too (the blood, blood-to-plasma ratio The kinfitr package has already been used in several scientific papers (Matheson et al. 2017 (Matheson et al. , 2018 207 Plavén -Sigray et al. 2018; Chen, Goldsmith, and Ogden, n.d.; Stenkrona et al. 2019) , and a full validation 208 is currently underway for the consistency of its outcomes compared to other software (Tjerkaski et al., 209 in prep). In order to demonstrate basic usage of the kinfitr package, as well as to provide a preliminary 210 validation of its outcomes, the package was tested on the sample data included within the package. All 211 of the the relevant models for each dataset were applied for three regions and their estimated binding reproducible reporting and the use of pre-installed virtual computing environments.
222
The great expense and technical difficulty of PET, especially when blood data is also collected, as well 223 as the fact that participants are injected with harmful radioactivity, makes it imperative that the resulting 224 data is used in an optimal fashion. The kinfitr package makes it possible to make better use of PET data, 225 by providing researchers with access to a wide variety of kinetic models, and allows the results of this 226 modelling to be effectively, and transparently communicated in reproducible reports.
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This package additionally makes it easier for multi-centre collaborative projects to harmonise their 228 data modelling procedures, as all analysis procedures and instructions are contained within the code 229 which can be shared between centres. By its use of BIDS PET structure for blood data, this means that 230 this complicated data originating from numerous different sources can be quickly and uniformly read and 231 analysed.
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In summary, it is hoped that this package will help a researchers to perform PET modelling in a more 233 reproducible fashion, and to prioritise accuracy and transparency to a greater extent in their research.
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Furthermore, by this project being open-source and hosted on GitHub, other users will also be able to add 235 additional tools and models to the software through pull requests, which can be merged to improve the 236 software package for everyone using it.
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